Abstract: An attempt is made to describe the complicated rheokinetic behaviour of urea-formaldehyde resins during storage, in close connection with the changes in their chemical structure. The alkali-promoted non-linear polycondensation during resin storage is evaluated by pre-gel viscosity measurements. Viscosity changes are described by a power law function using extrapolation to zero shear and infinitely high shear rates. During most of the period of viscosity increase, the rheological behaviour of studied resins is similar. The deviation from the power law dependence occurring in the initial low-rate growth of viscosity takes place because of formaldehyde redistribution, which does not lead to covalent network build-up. In the presence of methanol this period is extended due to the formation of stable methoxymethylene groups.
Introduction
Urea-formaldehyde (UF) resins have been known since 1928 and, therefore, are sometimes called old resins. Currently they are mostly used as thermosetting adhesive binders in manufacturing interior-type wood-polymer composites. Typical examples are particleboards and medium-density fibreboards. The drawbacks of UF resins, such as low water resistance and high formaldehyde emission level, have become the concern of producers in recent years. Despite the long history of studies on their performance behaviour, the mechanism of non-linear reversible condensation polymerization in the synthesis and cure of UF resins has remained unclear to a large extent. In comparison with thermoplastics of simpler structure developed later, this topic offers good possibilities for further research [1] . This means that in the case of changes in the ratio of raw substances and in synthesis conditions, a quite thorough additional study is needed.
However, the most powerful analytical tool, 13 C NMR, can be used for determining the functional groups (e.g., hydroxymethyl, methylene or dimethylene ether) only in dependence on the neighbouring secondary or tertiary amino groups [2, 3] . So it is not possible to decide definitely which amounts of these groups are linked to the macromolecular part obtained during polycondensation, and which amounts to the low-molar-mass part obtained in subsequent treatment with secondarily added urea [4] . Because of the equilibrium character of this reaction, the transhydroxymethylation reaction is the key process for understanding the mechanism of heat treating/cooling after polycondensation and the following storing [5] [6] [7] .
Analysis of 13 C NMR data with some approximations [4] enables to describe the average macromolecular structure, consisting of the main linear chain from 6 to 7 units and 3 -4 side chains from 1 to 2 units and having about 3 -4 hydroxymethyl and 2 -3 dihydroxymethyl end groups. Gradual migration of hydroxymethyl groups occurs preferably from disubstituted end groups of macromolecules and evens the distribution of formaldehyde between urea added in different steps of synthesis [8] .
One of the main principles in structuralization of the UF reaction mixture is the different mechanism of polycondensation in acidic and alkaline conditions. Acid condensation leads mostly to methylenes adjacent to secondary and tertiary amino groups (trisubstituted urea). In the presence of alkali, the main reaction route includes the symmetrical disubstitution of urea. Alkali also promotes the additional formation of dimethylene ethers.
In the formation of covalent polymer networks by non-linear polymerizations, even minor chemical changes occurring at the gel point cause the transition from the pregel soluble liquid-like state of infinite viscosity to the insoluble post-gel fraction of solid-like substance. It means that the gel point (critical gel) is hardly significant determining in chemical conversion that point where molecular continuity through the reacting volume first appears by a dramatic increase in viscosity and by appearance of a non-zero elastic modulus. Prediction of the degree of monomer conversion at the gel point is the main approach for characterization of non-linear polymerizations but suffers from several mistakes. It is an early criterion proposed by Carothers, based on the erroneous assumption that all the units in a mixture are connected to form an infinite structure at the gel point. It overestimates the monomer conversion. Contrary to that, Flory-Stockmayer's probability-based random polymerization model underestimates the conversion degree at the critical gel, but it was later improved by several authors [9] to account for the intramolecular reaction neglected by this theory. Most important approaches include the evaluation of ring-chain equilibrium (Jacobson-Stockmayer), cascade and rate theories, and finally Monte-Carlo simulations for regarding also the loops and dangling of individual species. Pizzi [10] proposed to join the approaches by Carothers and Flory-Stockmayer and obtained by a simple formula values of the degree of monomer conversion, which are quite similar to those determined experimentally. A theoretically more successful development has led to Ahmad-Rolfes-Stepto theory, the best approach up to now [11] , which actually differs from the Flory-Stockmayer expression by the inclusion of a universal ring-forming parameter and requires only the solution of a quadratic equation.
Despite the continuing studies, the quantitative prediction of network structures remains problematic, as perfect networks are never formed. The majority of the postgel networks have significantly lower shear moduli than those of perfect networks. In addition to the reducing influence of network defects on the modulus, it can be increased by changing the topological entanglements and chain interactions. A recent study [12] clearly shows, on the basis of polyurethane and poly(dimethylsiloxane) networks, how the elastic losses in loop structures are outweighed by the increases due to chain interactions and entanglements. It is regrettable that in the profound survey [9] there was nothing said about the network structures in urea-(melamine)-formaldehyde resins. Probably the subject remained out of discussion because of the ill-defined heterogeneous aqueous dispersion rich in hydrogen bond interactions. Something close to that occurs in the curing of film-forming unsaturated polyesters by free-radical polymerization [13] . The organic phase in the network appears as particles of macroscopic dimensions causing a great shrinking of films in gel collapse.
The build-up of covalent networks occurs by the same mechanism from beginning to end, only the probability of involving more and more greater molecules increases with time. Hence, in the rheokinetic studies the processes before and after the gel point can be characterized by power law advancements of viscosity or viscoelastic shear stiffness. Dynamic thermomechanical analysis (DTMA) was successfully used for the rheological study of gelling and vitrification of urea-formaldehyde [14] and melamineformaldehyde [15] resins. The gel time was determined by extrapolating the reciprocal of zero shear viscosity and by values of storage and loss moduli. The curing process of phenol-formaldehyde resin was described also by a power law increase in viscosity [16] . Rheological measurements by means of rotational viscometers are quite popular in studies of curing processes of UF resins, cf., e.g., ref. [17] . Additional kinetic factors appear due to the heterogeneity of the system where the loss of sedimentation stability during curing makes the chemical gel point dependent on temperature and shear stress. A thorough review published on the use of rotational viscometers [18] indicated both the real value of one-point viscosity measurements and the limits of a power law relationship between viscosity and shear rate to characterize the shear-thinning behaviour of non-Newtonian liquids.
For this study, two examples of industrial UF resins were chosen. They were synthesized by standard processes but are quite different from each other as one of them contains about 7% of formaldehyde in methoxymethylene groups, which after formation in the alkaline hydroxymethylation step are quite stable in the following acidic condensation, second urea treatment and storage of resins. As the resins were characterized also by 13 C NMR spectroscopy [8] , one can speculate about the rheokinetic data and also about the changes in the content of different functional groups during resin storage.
Experimental part
Conical glass flasks of 50 ml were loaded with 50 ± 1 g of resin sample and held at constant temperature 25 ± 0.1°C. The samples were mixed only before testing. Viscosity measurements were performed also at 25°C using a Brookfield RVDV-II + programmable viscometer with small adapter (spindle no. 27, shear rates 0 -68 s -1 ) or a rotational viscometer Rheotest-2 (shear rates 1 -145.8 s -1 ). At every chosen time, the content of a new flask was poured into the viscometer, whereas the sample mass at measurements by two methods was different (15 and 30 g, respectively).
The viscosity and shear stress of one sample were measured at 3 -4 shear strain rates moving from a lower speed to a higher one in the maximum range of strain (torque moment 20 -99%), relevant to the studied resin sample. The range of viscosity measurements shifts to lower shear rate with increasing degree of polycondensation at storage. The time necessary to reach the equilibrium state at chosen shear rate was dependent on conversion degree, and was controlled before measurement by obtaining the constant viscosity value. Midpoint viscosity reading of 50% torque scale was also registered and used as reference viscosity.
Results and discussion
This rheokinetic approach can be regarded as the most informative one observing the viscosity change in resins in the pre-gel liquid state. One meets this object really in practice, but it is a rather unpleasant one due to non-homogeneity and sedimentation during network build-up. It should be pointed out that the storage of studied UF resins at 25°C leads to their gelling. Hence, this process can be taken as a slow nonlinear polycondensation in the presence of alkali, whose mechanism differs from that of the well-known acid-promoted curing [8] . The gel times of resins were found in analogy to ref. [14] using the dependence of storage time on the reciprocal of zero shear viscosity , extrapolating a linear graph to zero value of 0 η 0 η 1 . It is not surprising that the studied resins have different gel times (53 and 38 days at 25°C, respectively). The simplest explanation lies in the presence of stable methoxymethylene groups in resin UF1, leading to a lower content of reactive groups available before curing. The concept of a similar content of ether groups in UF resins [8] is realized in a more extensive release of formaldehyde from dimethylene ether groups in the synthesis of resin UF1. After polycondensation, resin UF2 contains about 20% less of free formaldehyde than there is in resin UF1. Resin UF2 partly compensates this shortage by a more extensive migration of hydroxymethyl groups from the resinous part to the low-molar-mass part. Indeterminacy appears because the migration does not change the total content of hydroxymethyl groups, producing the same groups adjacent to other neighbours.
In rheokinetic studies two clearly different processes have been observed: -the dependence of one-point viscosity on the shear rate, ) (γ = η & f , for the sample of shear-thinning UF resin at the same conversion degree, -an increase in viscosity with time,
, because of condensation polymerization of resin during storage.
The conclusion can be drawn that UF resin is one of the best examples where the build-up of covalent network occurs intimately bound with changes in the physical network. Sometimes the simple linear dependence of viscosity versus shear rate has been used as the first approximation to extrapolate the viscosity data in a wide range [18, 19] . It is clear that this dependence can be used quite correctly only in the case of intermediate shear rates near (cf. Tab. 1). The more complicated but intrinsically more proper power law relationship between shear stress and strain rate ( ) enables directly to evaluate the consistency index K and power law index n (flow index) (cf. Fig. 1 ). The viscosity values extrapolated to zero and infinite shear rates ( and ) also have been obtained on the basis of the power law dependence ( , examples in Fig. 2 ):
The summarized data for characterization of the rheokinetic behaviour of both resins are presented in Tab. The zero shear viscosity ( in Tab. 1) can be taken for the maximum viscosity of the resin at the determined conversion degree, being the resin tested as Newtonian liquid (equivalent Newtonian viscosity). For a certain resin it is revealed as the consistency index K in the power law function. In accordance with Barnes [18] it is 0 η supposed that the obtained local flow index is constant for a wide range of the power law relationship at the determined covalent network level. A relatively small change of the power law index before critical gel supports this standpoint.
Extrapolation to infinitely high shear rate yields the viscosity of the resin ( in Tab. 1) that, by a quite simplified explanation, does not involve the chain interactions, the associative interactions with water and the entanglement effects in branched and crosslinked polymer clusters. For that complicated system it is the best approach but should be taken as true only to a certain extent. η 50 : Viscosity at torque 50%.
According to the proposed structural model of UF resins [4, 8] it is not very probable that the unentanglement of long linear chains because of an alignment at a certain shear rate stops the viscosity decrease. The intertwining embraces mainly the dangling and crosslinked branches, locking the great amount of water particles in polymer clusters due to strong hydrogen bond interactions. Thus, the chemical bonding unites the separated microparticles of the suspension to form an overall network. The structure build-up occurs otherwise in the cure of phenol-formaldehyde resins [16] . In the latter case, the formation of a covalent network proceeds mostly by addition of short chemical crosslinks (methylene groups) between aromatic rings, and the role of associative interactions and water-containing clusters is essentially smaller. The hydrophilic character of the aromatic-rich structure is rather weak as well, and the separation of the water phase occurs at a low degree of conversion.
The dependence of viscosity on storage time is presented in Fig. 3 and seems to be suitable to be described by a power law. The midpoint viscosity η 50 is not the average of the extrapolated viscosity values. At negligible network level already a quite low shear rate is enough to break the physical network, and η 50 is similar to . With the advancement of network, η ∞ η 50 more and more withdraws from ∞ η ,
indicating the increasing importance of network build-up in shear stress. The growth routes of and η are quite similar. The shear-thinning behaviour of UF2 is more pronounced and increases with storing time. It can be supposed that the covalent network creates the framework in the overall structure and favours with that the 0 η ∞ intimate physical interactions between components in the dispersion. The curves of viscosity growth in Fig. 3 proceed quite smoothly, and this can be taken as evidence that the change in particle sizes due to sedimentation does not interfere with the viscometry data interpretation. In acid-promoted curing of UF resin the sharp intermediate viscosity decrease is related to the loss of sedimentation stability [17] . The classical rate equation for description of polymer network formation can be used, considering the viscosity η, a kinetic factor k, and n' an average order of non-linear
The dependence of viscosity increase rate on time as shown in Fig. 4 indicates a very similar behaviour of both resins. Due to its lower content of effectively reactive groups, the curve for resin UF1 proceeds slightly on a lower level. The network buildup can be modelled quite well by a power law function. It is interesting that the data for one resin, despite the use of different extrapolated viscosity values, fall on one straight line. Quite a similar power law and consistency indices for both resins have been found as well.
The obtained relationship supports the concept that the advancement of a covalent network also creates the conditions for the formation of the overall structure of clusters where the contributions of the covalent and of the physical network grow proportionally with the conversion degree. One can also notice that the network formation described by a power law function in the case of both resins starts at similar viscosity values. Before that a great deviation from the power law function occurs. In this initial period the viscosity growth in the course of time is low (Fig. 3) . More important is that this reaction is a linear polycondensation proceeding mostly in the low-molecular-weight part of resin. The polycondensation of urea with hydroxymethylurea formed due to the migration of formaldehyde from the resinous part is the best example. The low-rate first period extends in the case of resin UF1 containing the stable methoxymethylene groups and leading so to lower concentration of the effectively reactive groups. In this case the contribution of linear polycondensation has become greater by the moment of beginning of a non-linear polycondensation. The role of physical interactions with viscosity growth rate in linear polycondensation is essentially lower than in the non-linear one. With build-up of network, water can change from a sliding-fostering agent to a locked component of the structure. If one supposes that the pre-gel viscosity of both resins is practically the same due to a similar viscosity increase rate (Fig. 4) then the reason for different gel times can be only the period of low-rate linear polycondensation. It means that the network formation processes of the same rate are only shifted on time scale. We cannot observe any peculiarities in the sedimentation but in any case the proportion of components in dispersion should change due to the addition of polycondensation water. The simple relation between power law and consistency indices in the network formation (Fig. 5 ) characterizes the rheological behaviour generally from the Newtonian aspect. The relationship is such that as K goes up, n goes down or the thicker the liquid, the more non-Newtonian it becomes regardless of the specification of physico-chemical reasons of such behaviour. It is seen that the linear dependence (Fig. 5 ) starts from a certain K value (about 10 3 mPa·s). This consistency index really characterizes the zero shear viscosity resulting from the overall network build-up. The value of K is greater due to the network advancement, increasing with that the resistance to shear stress characterized by a reduced value of n. If the network structure is the only determining factor, the negative slopes of graphs in Fig. 5 should be similar [18] . In our case the different slopes arise from the preceding linear polycondensation. An apparently lower pseudoplasticity of resin UF1 results from the greater amount of low-molar-mass part of oligomeric character, diluting the system and thus promoting the shear.
Finally it is worth mentioning that the details of the rheokinetic behaviour of UF resins can quite well be explained by the characteristics of their chemical structure. The polycondensation with great excess of formaldehyde produces resins in which the functionality of urea in main chains is practically entirely exhausted. Urea is actually trifunctional, not tetrafunctional as sometimes alleged [9] . It means that the formation of new crosslinks between NH-groups of main chains is not probable. The first period in storing includes mostly the linear polycondensation promoted by the migration of formaldehyde. The covalent network build-up occurs as a reaction between functional groups of side chains with the simultaneous coupling of main chains in the polymeric part of the resin. In the course of time the network formation increasingly touches also the components of the non-resinous part. For understanding the storage behaviour of UF resins, it is very important to consider the differences between the mechanism of alkali-promoted slow polycondensation in storing and that in high-rate acidic curing.
Conclusions
Alkali-promoted polycondensation during storage of UF adhesive resins can be described by a shear thinning behaviour in the advancement of a covalent network. UF resin is a complicated model but because of its industrial importance, it should not be avoided in study. Covalent network formation is coupled with intricate physical interactions. The quantitative rheokinetic description suffers because of ill-defined aqueous dispersions, sedimentation of which changes in network build-up. The storing of resins in bulk is not comparable with the conditions of thin resin films between wood substrates. 
